ABSTRACT. Five singleton fetal lambs were surgically instrumented at 110-121 days gestation (term gestation = 145 days) for measurement of visual evoked potentials (VEP) in utero. Light flashes were generated by a small incandescent bulb secured under the right fetal eyelids and the visual responses were recorded through stainless steel electrodes implanted in the fetal scalp. Four of the five fetal lambs were surgically instrumented between 110-113 days. VEPs recorded in these four animals from 111-114 days exhibited N1, PI, and N2, but lacked the P2 component. All VEP components (N,, PI, N2, PZ) were measureable by 115-118 days in these fetuses. One fetus was surgically instrumented at 121 days and VEPs containing all components were measurable until 125 days gestation when the equipment dislodged in utero. Serial VEP recordings from all five fetal lambs from 11 1-128 days indicated no change in latency to N, while significant latency changes occurred in PI, N2, and P2 suggesting maturational development of the visual system. Histological assessment of the eyes from three animals at delivery revealed only thickening and increased vascularity of the cornea in response to the light source resting on the fetal eye. In conclusion, these results suggest that the fetal visual evoked potential has application in the longitudinal study of normal visual development in utero and offers a technique for studying visual response changes to adverse perinatal events. (Pediatr Res 20: 351-355, 1986) Abbreviation
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I7EP, visual evoked potential
The VEP has been used to measure visual function and development in the premature human newborn ( I , 2), term human newborn (3) (4) (5) , and term newborn lambs (6, 7) . In these studies, the VEP components, consisting of an initial negative deflection N,, a positive deflection P,, a second negative deflection N2, and a large positive deflection P2, exhibit shortening of latencies with advancing neonatal age. These observations suggest maturation within the visual system is occurring during the newborn period.
Recently, the visual evoked potential of the exteriorized nearterm fetal lamb has been shown to be similar to VEPs obtained from term newborn lambs (6) . The presence of VEPs from exteriorized fetal lambs indicates that the visual system is functional prior to birth and develops during fetal life. Assessment of visual responsiveness in this fetal model however, is limited by the short amount of recording time and the stress imposed upon the fetal lamb during the process of surgical exteriorization and instrumentation. Measurement of the fetal VEP in the chronically instrumented fetal lamb offers the opportunity for Iongitudinal assessment of visual development in utero. The results presented here 1) describe the procedures for obtaining visual evoked potentials from the chronically instrumented fetal lamb; 2) illustrate the typical VEPs obtained; and 3) present latency measurements of the VEPs from 1 I1 to 128 days gestation.
METHODS
Five singleton lambs were surgically instrumented between 1 10-12 1 days gestation (term gestation = 145 days) for measurement of fetal VEPs. After a spinal anesthetic (Pontocaine) was administered to the pregnant ewe, a midline abdominal incision was made to expose the uterus. A fetal forelimb was then palpated and delivered through a small incision in the uterus. Following administration of subdermal injection of local anesthesia (2% Xylocaine), a polyvinyl catheter was inserted into the brachial artery for arterial blood gas measurements. The incision was then closed, the fetal forelimb placed back in the uterus, and the uterine incision closed. All subsequent fetal instrumentation was also carried ,out following administration of subdermal anesthesia (2% Xylocaine). A second incision was then made in the uterus and the vertex of the fetal head exposed. A stainless steel wire encased in polyvinyl tubing was placed subdermally at the vertex of the fetal head and secured with 3-0 silk to serve as the active electrode. A similar stainless steel wire electrode was placed subdermally anterior to the right fetal ear to serve as the reference electrode. Through the same uterine incision, the fetal head was repositioned and the fetal eye ipsilateral to the reference electrode was exposed for placement of the light source for visual stimulation. The fetal eyelids at this stage of gestation are sealed shut and require manipulation to open.
The light source consists of a miniature incandescent bulb sealed in silicone rubber (Fig. I) . During construction of the light source. this unit is secured to a hard contact lens while the silicone rubber hardens. The contact lens is then carefully removed leaving a smooth, pliable surface which rests on the surface of the fetal eye. A curved polyflex arm, approximately 6 cm across, is secured 2 cm behind the light source and acts to prevent rotation of the light source during fetal movement. The incandescent bulb is connected to a shielded two-wire cable and encased in polyvinyl tubing.
Following administration of local anesthesia to the eyelids, the light is placed on the cornea of the fetal eye between the eyelids and is secured by sutures to the fetal eyelids for stability. The ends of the polyflex arm are sutured to the fetal skin to provide additional support. The fetal head is placed back into the uterus and the uterine incision closed. The stainless steel wires, light source wires, and arterial catheter are then brought out through the maternal abdominal incision to a pouch on the side of the ewe.
Four of the five fetuses were surgically instrumented between 110-1 13 days gestation in order to obtain visual responses in this earlier period of gestation. The fifth fetus was surgically instrumented at 121 days but VEP measurements were only obtained at 123 days due to dislodgement of the stainless steel electrodes at 125 days gestation.
Two of the five fetal lambs died in ufero at 120 and 121 days gestation. Three fetal lambs were delivered at 133, 136, and 140 days by cesarean section. Immediately following delivery, these newborn lambs were given a lethal dose of Soccumb. One newborn lamb was tested for VEPs before sacrifice. The instrumented cye and the uninstrumented eye of all three animals were removed in order to assess corneal damage from the light source resting on the fetal eye during the 4 to 18 days of in urero testing.
Immediately upon removal, the eyes were fixed in 10% buffered formalin before examination by the Eye Pathology Laboratory of the University of Cincinnati. After gross examination, the eyeballs were opened and the corneas were removed. After dehydration in alcohol and clearing with chloroform, the corneas were impregnated and embedded in parafin. Corneal slices 8-p thick were fixed to slides with egg albumen. After hematoxylin periodic-acid Schiff, Phloxine, and Safranin 0 stains were applied, microscopic examination and analysis were performed by the Pathology Laboratory.
Mcasllrrtncnt of'f21al VEP.r. All fetal lambs were tested for VEPs beginning 1 day after surgery and repeated every other day. On each day of VEP testing, a 0.5-ml arterial blood sample was collected anaerobically in a I .0-ml glass syringe and analyzed for fetal blood pH, pco2, and arterial PO,.
Light flashes were triggered and the VEP responses were averaged by a Synap I (Infant Hearing Assessment Foundation, San Francisco, CA) Signal Averaging Computer. Square wave pulses of 100 V and of 10 ms duration were generated by a Grass S-9 stimulator (Grass Industries, Quincy, MA) and delivered to a 28 V incandescent bulb (CM6838, General Instrument, Chicago, IL) producing a candlepower of 23.56 lumens per flash. Thirty-five light flashes were presented at a rate of one every 2 s and a 400-ms response interval following each flash was recorded. The visual responses were averaged by the Synap I unit with a 1 to 30 Hz bandpass frequency and a 2 ms per point sampling interval. The final averaged signal was recorded on 2% inch wide heat-sensitive paper with a 400-ms grid. All recordings were done in triplicate to assure reproducibility.
The fetal visual evoked potentials were analyzed by determining the latency period in milliseconds (stimulus to individual wave deflections) to the first major negative or upward deflection, designated N,, the first positive deflection, or P,, the second negative deflection, N2 and the second and most pronounced positive wave deflection. P,. Three recording runs from each fetus on a given day of testing were used for latency measurements. Tabular data represents the average of all individual recording runs used in latency measurements. For graphic data, numerical latency values of the three consecutive VEP recordings from a single animal on a given day of recording are averaged together for each data point. From these serial measurements, linear regression analysis with test for statistical significance using
RESULTS
Reproducible VEP measurements containing all four major wave components, NI, PI, N2, and P,, were obtained from all five fetuses tested. Figure 2 illustrates a typical fetal visual evoked potential from a 128-day-old fetus and the newborn VEP recorded when the same fetus was delivered by cesarean section at 140 days. In this example, the similar configurations of the fetal and newborn VEP and the major deflections, Nl, P,, N2, and P2 can be seen. Analysis of fetal arterial blood samples for blood gas determinations were as follows: pH = 7.35 + .04; pco2 = 38.8 + 2.7; p 0 2 = 20.3 + 4.0 (data presented as mean k 1 SD).
The VEPs recorded from the four fetal lambs which were surgically instrumented between 110-1 13 days and tested between 1 1 1-1 14 days contained the Nl, P,, and N2 components but lacked the major P2 component seen in the later gestational age fetus and newborn. In these animals, however, all VEP components were measurable by 1 15-1 18 days.
Representative examples of VEP recordings from each of five fetuses are shown in Figure 3 . These VEP examples were recorded from the five fetuses from 117 to 128 days. In each example the overlays of three consecutive recordings of VEPs are shown. The major wave deflections, N,, P,, N2, and PZ are indicated.
One of the fetuses (fetus 4, Fig. 3 example. the early components, N , and P,, underwent little change in latency. In contrast, the later deflections, N2 and P2, become better defined and decrease in latency as the fetal lamb matures.
Mean latency values of all VEP recordings in two gestational periods of 1 10-120 and 12 1-128 days are presented in Table 1 . These values represent the mean and SEM of all individual recording runs from all fetuses in the respective age ranges.
The relationship of latency measurements to gestational age for all five fetuses during the study period is graphically demonstrated in Figure 5 . In order to plot the latency values against gestational age, the latency values from the three individual recording runs from a given fetus on a single day of testing were averaged together and expressed as a single data point. Linear regression analysis performed on this data indicates that no significant change in latency to N l (F = 0.59, df = 17, p > 0.54) occurred during the period of study between 1 11-128 days. However, significant latency changes occurred in the other VEP wave components of PI (F = 4.72, df = 17, p < 0.04), N2 (F = 17.10, df = 17, p < 0.001) and P2 (F = 8.56, df = 13, p < 0.01) indicating decreases in latency with advancing fetal age. Although the PI wave component is presented in Figure 5 as a linear relationship between latency values and gestational age, additional data collected in the earlier age period may actually indicate a curvilinear relationship.
Histological assessment of the tested and untested eyes of the three lambs revealed that some tissue reaction does occur in response to the light source resting on the cornea. Histological examination of the corneas of the instrumented eyes demonstrated some compression of the outer corneal epithelium., flattening of the adjacent basal layer and intracellular edema. Dmeeper layers of the cornea, such as Bowman's membrane, Descemet's membrane, stroma, and endothelium, appear to be unaffected (the uninstrumented eyes all appeared normal). Other than a haziness and vascularization of the cornea, a slight irregularity of the pupil, and compression of the corneal epithelium, all structures of both instrumented and uninstrumented eyes are comparable. neuroelectric signal. In addition, when the fetus is serially tested from 1 1 1 days gestation, the VEP can be used to record changes in fetal visual responsiveness during the last 30 days of pregnancy. The latency changes presented in this study may be indicative of maturational processes occumng within the visual system of the fetal lamb. From histopathological assessment of the cornea, this method of VEP testing does not appear to cause serious injury to the tested eye. The initial recordings of fetal VEPs between 1 1 1-1 14 days gestation exhibit the N,, PI, and N2 wave components. One fetus (Fig. 4) showed no VEP components of any kind at 112 days but displayed NI, PI, and N, components by 114 days. The presence of these components at this stage of gestation indicates that certain visual structures are functional. Initial onset of function of these structures may occur earlier in fetal development than 11 1-1 14 days gestation used in this study. Another possible explanation is the fetus may be recovering from the surgical stress of instrumentation. These issues will be resolved in further studies by surgically instrumenting fetal lambs at an earlier gestational age. Initial VEPs obtained from 1 1 1-1 14 days did not contain the P2 component. This later component of the fetal VEP, however, was measureable by 1 15-1 18 days. Although the generators of the visual evoked potential have not been clearly defined, the early wave components, N,, PI, and NZ are presumed to represent the neuroelectric activity along the optic nerve, optic chiasm, and the lateral geniculate body, respectively (8, 9) . The later component, P2, presumably represents the spread of the neuroelectric signal as it reaches and passes into the cortical tissue at the occipital lobe. The present data suggest that development of the optic tracts, optic chiasm, and the lateral geniculate body is nearly complete when the initial VEP recordings were made from 1 1 1-1 14 days. The sudden appearance of the P, component from 1 15-1 18 days gestation and latency change from 1 1 8-128 days may be indicative of increased synaptogenesis and myelination within the cortical tissue of the occipital lobe (8, 10) .
Auditory development is also known to be occurring in the fetal lamb from 1 17 days gestation (1 1, 12) . In these studies, auditory brainstem responses were generated by click stimuli from a small earphone secured in the right ear of the fetal lamb and recorded from subdermal stainless steel scalp electrodes. Onset of auditory function appears to take place at approximately 1 17 days gestation, since auditory brainstem responses were first recorded after 1 17 days, despite testing from 1 10-116 days. As the fetal lamb becomes older, peak latencies of the auditory responses rapidly decrease ( 1 1, 12) .
In utero assessment of maturational sequences within the visual system of the fetal lamb is now possible using the techniques described in this study. Changes in latency values from fetal lamb VEP indicate that maturation within this sensory system occurs during the final weeks of fetal life. These findings have application in fetal neurotoxicology since the immature central nervous system is most vulnerable to toxic damage when growth is rapid (1 3) . Furthermore, neurological damage from a perinatal insult may not be evident until days or weeks after the event (14) . Since longitudinal testing of the visual system of the fetus can be conducted using the described techniques in this study, this animal model has application for studying the effects of adverse perinatal events and drugs on neurological development during fetal growth.
